We propose to test if gravimetry can prove useful in discriminating different models of longterm deep crustal processes in the case of the Taiwan mountain belt. We discuss two existing tectonic models that differ in the deep processes proposed to sustain the long-term growth of the orogen. One model assumes underplating of the uppermost Eurasian crust with subduction of the deeper part of the crust into the mantle. The other one suggests the accretion of the whole Eurasian crust above crustal-scale ramps, the lower crust being accreted into the collisional orogen. We compute the temporal gravity changes caused only by long-term rock mass transfers at depth for each of them. We show that the underplating model implies a rate of gravity change of −6 × 10 −2 µGal yr −1 , a value that increases to 2 × 10 −2 µGal yr −1 if crustal subduction is neglected. If the accretion of the whole Eurasian crust occurs, a rate of 7 × 10 −2 µGal yr −1 is obtained. The two models tested differ both in signal amplitude and spatial distribution. The yearly gravity changes expected by long-term deep crustal mass processes in Taiwan are two orders of magnitude below the present-day uncertainty of land-based gravity measurements. Assuming that these annually averaged long-term gravity changes will linearly accumulate with ongoing mountain building, multidecadal time-series are needed to identify comparable rates of gravity change. However, as gravity is sensitive to any mass redistribution, effects of short-term processes such as seismicity and surface mass transfers (erosion, sedimentation, ground-water) may prevent from detecting any long-term deep signal. This study indicates that temporal gravity is not appropriate for deciphering the long-term deep crustal processes involved in the Taiwan mountain belt.
I N T RO D U C T I O N
Temporal gravimetry is an efficient tool to monitor mass transfers, such as those implied by volcanic reservoir charge (e.g. Battaglia et al. 2008) , groundwater movements (e.g. Jacob et al. 2010) , or crustal thickening (e.g. Sun et al. 2009 ). The physical principle is that changes in the gravity value are due to changes in mass distribution. When an absolute gravimetre is used, the absoluteness of the measurement of gravity does not need further calibration or adjustment to a particular reference frame or datum (Van Camp et al. 2005) . As every geodetic quantity, gravity variations integrate different processes. The challenge therefore relies in separating the contribution of each process in the measured signal. Here, we aim at testing the potential of this geodetic technique to study deep crustal mass transfers during mountain building. We choose the Taiwan mountain belt as a test site, because it is characterized by extremely rapid erosion and deformation rates (e.g. Yu et al. 1999; Hu et al. 2001; Dadson et al. 2003; Willett et al. 2003) , and therefore by potentially extremely rapid mass transfers at depth. In addition, gravity surveys have been performed across southern Taiwan since 2006 (Mouyen et al. 2013) , in the framework of the Absolute Gravity in the Taiwan Orogen (AGTO) project. The modelling presented here aims at improving our understanding and interpretation of these field measurements.
The Taiwan mountain belt results from the ongoing collision of the Luzon volcanic arc (on the Philippine Sea Plate-PSP, Simoes et al. 2012) . CP, Coastal Plain; WF, Western Foothills; HR, Hsuehshan Range; BS, Backbone Slates; TC, Tananao Complex; HeP, Hengchun Peninsula; LV, Longitudinal Valley; CoR, Coastal Range. We have reported the Chelungpu fault (central Taiwan) that broke during the 1999 Chi-Chi earthquake. The red dashed lines are the major actives faults after Shyu et al. (2005) . The red dots are the ten sites where absolute gravity measurements are performed since 2006 (Masson et al. 2008) . The black dashed lines A and B are the locations of the cross-sections where the two models considered here (A and B, respectively) predict the kinematics and the density field used in our calculations. 1980's, the long-term deep crustal processes involved during mountain building remain debated and several models have been proposed in the literature (e.g. Simoes et al. 2012) . Mountain building in Taiwan has first been approached by the critical taper wedge theory (Davis et al. 1983; Dahlen et al. 1984) . Early models suggested that the orogenic wedge grows by frontal accretion of the crust of the CCM above a shallow décollement with 25 per cent of underplating at most Barr et al. 1991) . Frontal accretion is considered here as the discrete accretion of thin crustal slices at the front of a growing wedge. On the other hand, underplating represents the discrete accretion of crustal material from the lower to the upper plates (Fig. 2a) by duplexing below the inner portions of a mountain wedge (e.g. Dunlap et al. 1997; Konstantinovskaia & Malavieille 2005; Bollinger et al. 2006) .
Recent data have questioned the details of these early models and suggested that underplating can contribute between 50 and 90 per cent of the incoming crustal flux into the wedge, in order to balance exhumation and erosion (Hwang & Wang 1993; Fuller et al. 2006; Simoes et al. 2007a) . In general, whatever the contribution of underplating to mountain building, all these models suggest that only ∼7 km of the upper crust of the CCM are accreted to the orogen, a value that is essentially constrained by the accretion rates needed to compensate for exhumation and erosion at the surface (Suppe 1984; Simoes & Avouac 2006) . Because the present-day crustal thickness of the undeformed CCM west of Taiwan is ∼30 km (Shih et al. 1998; Yeh et al. 1998; Yen et al. 1998; Kim et al. 2005; Lin 2005 ), this result implies that a significant portion of the downgoing crust could be subducted into the mantle, unless the underthrusted crustal thickness was significantly thinner, as suggested from recent seismic profiles southwest of Taiwan McIntosh et al. 2013) .
Considering the expected buoyancy of the CCM crust and the oceanic nature of the PSP, major crustal subduction is not expected to be significant. As expected for a young continental margin and as suggested by modelling of its long-term rheology, the CCM crust is probably weak (Mouthereau & Petit 2003; Mouthereau et al. 2013) . For this reason, Yamato et al. (2009) proposed a crustal scale accretion model in which the whole 30 km of the CCM crust are accreted discontinuously into the orogen, through high-angle thrust ramps that affect deeper basement crustal levels , and in which exhumation is essentially sustained by a flow of the lower crust beneath the most internal part of the wedge (dashed arrow in Fig. 2b) . Simoes et al. (2012) noticed that, despite their differences, all these models fit low-temperature thermochronological data that correspond to the shallow exhumation history of rocks. Indeed, these models essentially differ in their proposed kinematics at depth and in the depth of the wedge. They pointed out the need for additional constraints on deep processes, including geophysical data, to improve the understanding of mountain building in Taiwan. In this paper, we investigate whether or not the study of present-day time variable gravity can prove useful in discriminating these different long-term models.
In a previous study, Mouyen et al. (2009) investigated the gravity change rate expected at short-term periods (years to decades) from two possible wedge geometries, either from a shallow (∼10 km) or deep (∼30 km) wedge, as proposed in different geometric models in the literature. Following Hsu et al. (2003) , the short-term kinematics was driven by movements on the major faults of Taiwan in an elastic half space in order to model the possible interseismic elastic behaviour of active faults. The modelling was constrained by deformation rates observed by GPS measurements. Using material densities proposed by Dahlen et al. (1984) and Lin & Watts (2002) , the corresponding rate of gravity change with time was computed. Once free air effects were removed, it returned a maximum rate of 0.1 and 0.3 µGal yr −1 for the shallow and deep wedge models, respectively (1 µGal = 1 × 10 −8 m s −2 ). Only the elastic interseismic loading of active faults was modelled in this previous study, so that long-term deep crustal mass transfers were not taken into account.
Hereafter, we compute the gravity change rates expected from deep mass transfers considering two models of the long-term evolution of the Taiwan wedge. We find that these rates have opposite signs, suggesting that the two models tested could in theory be discriminated from gravity. However, these rates are two orders of magnitude lower than the usual uncertainty of gravimetres, thus requesting decades of measurements to retrieve any potential signal. We finally discuss the possibility of detecting such small signals since (i) short-term processes (earthquakes, landslides, hydrological variations) other than deep crustal mass transfers are likely to occur at much higher rates and (ii) deep crustal processes sustaining long-term mountain building are not expected to be linearly downscaled to short-term timescales, because they are discontinuous over time. These results critically lower the practical interest of using repeated land-based gravity measurements to unravel the long-term deep crustal processes in the Taiwan mountain belt.
G E O L O G I C A L B A C KG RO U N D

General settings
The collision between the CCM and the Luzon volcanic arc started 4-9 myr ago (Lin et al. 2003; Sibuet & Hsu 2004; Tensi et al. 2006; Beyssac et al. 2008) . It has migrated southward at a rate of 31 to 80 mm yr −1 (Suppe 1984; Byrne & Liu 2002; Simoes & Avouac 2006) , as a result of the oblique direction of convergence between the two plates. For this reason, different transects across the mountain belt can be taken as representative of different temporal stages of orogenic evolution, from an oceanic subduction to the south to mature collision in central Taiwan. The different tectonophysiographic units of the orogenic wedge have on average a nearly north-south azimuth. Following the nomenclature of Ho (1986) , we find from west to east: 1) the Coastal Plain (CP), which corresponds to the foreland basin and is composed at the surface of quaternary alluvial deposits; 2) the Western Foothills (WF) fold and thrust belt, which form the deformation front of the orogen with Miocene to Quaternary sediments; 3) the Slate Belt (SB), which has a higher topography and is made mainly of Eocene to Miocene sediments that have been metamorphosed. In the northern part of Taiwan, the SB is divided into two units, the Hsuehshan Range slates (HR) to the west and the Backbone Slates (BS) to the east-the HR is absent in southern Taiwan-4) the Tananao complex (TC), which is composed of the exhumed and metamorphosed pre-Tertiary basement of the CCM; 5) the Hengchun Peninsula (HeP),which represents the accretionary prism of the CCM subducting below the EP in the southernmost part of Taiwan; 6) the Longitudinal Valley (LV), which corresponds to the suture between the two plates; 7) the Coastal Range (CoR), which is a remnant of the Luzon volcanic arc, composed of Neogene andesite rocks and turbiditic sediments. The Taiwan mountain belt is composed of accreted sequences from the CCM, and therefore corresponds to the different units located west of the LV. The present-day convergence rate across the whole plate boundary is of ∼82 mm yr −1 (Yu et al. 1997) , and ∼40 mm yr
of this total rate is accommodated over the long-term across the mountain belt (Simoes & Avouac 2006) .
Tectonic models considered for modelling gravity change rates
As already discussed, several models have been proposed in the past to account for long-term mountain building processes in Taiwan. These models differ essentially in their long-term kinematics and in their wedge geometry (see Simoes et al. (2012) for a review). In the case of shallow wedges (Suppe 1984; Barr & Dahlen 1990; Fuller et al. 2006) , with maximum depths of 10-15 km at the rear of the mountain belt, peak metamorphic temperatures are of ∼350 • C at most and metamorphic grade does not go over the lower greenschist facies. Density contrasts at depth within the wedge, and hence any gravity signal related to these contrasts, are thus expected to be very limited. We therefore choose to consider here the models by Simoes et al. (2007a) and Yamato et al. (2009) , with deeper wedge geometries (∼30 km). They are expected to produce higher gravity signals and therefore to represent an extreme in the possible signals to be detected from long-term deep crustal mass transfers. These models have also the advantage of providing predicted rock densities at depth within the wedge. It is to note that in both models, only the Taiwan wedge west of the LV suture zone is considered, the LV and CoR being considered as the backstop of the wedge.
From a 2-D thermokinematic approach, Simoes et al. (2007a) suggest that underplating of the underthrust CCM beneath the orogen contributes significantly to the long-term growth of the Taiwan wedge. This model is adjusted to kinematic (Simoes & Avouac 2006; Simoes et al. 2007b,c) , petrologic (Beyssac et al. 2007 (Beyssac et al. , 2008 and thermochronological (Lo & Onstott 1995; Tsao 1996; Liu et al. 2001; Willett et al. 2003; Fuller et al. 2006; Beyssac et al. 2007) data. In particular, the geometry at depth as well as the geometry of the LV fault is prescribed such as to fit peak metamorphic temperatures constrained from the Raman spectroscopy of carbonaceous material data. Because the ∼40 mm yr −1 shortening rate across the wedge is accommodated mostly (if not at all) by the frontal faults of the foothills, Simoes & Avouac (2006) propose that exhumation of the internal portions of the orogen is sustained by underplating. Based on thermochronological and metamorphic data, underplating is suggested to be localized beneath the HR and TC. The fit to all the data implies temporal changes in the kinematics, with an increasing contribution of underplating over time, in particular since 1.5 Myr ago. Only the uppermost 7 km of the downgoing crust contribute in this model to the growth of the wedge, suggesting that a significant portion of the CCM crust has been subducted into the mantle or that the underthrust crust was thinner than that presently observed west of Taiwan McIntosh et al. 2013) . The modelled pressure and temperature fields are used to compute the final density field within the whole wedge, from the methods described by Bousquet et al. (1997) and Henry et al. (1997) . Hereafter, this model will be referred to as model A (Fig. 2a) .
Using a fully-coupled 2-D thermomechanical model, prescribing only plate convergence rates, Yamato et al. (2009) suggest that exhumation and crustal thickening patterns within the Taiwan range are accounted for by the accretion of the whole CCM crust and by a lower crustal influx at the rear of the Taiwan wedge. Their model is adjusted to thermochronological data (Fuller et al. 2006; Beyssac et al. 2007) , erosion and sedimentation rates (Dadson et al. 2003; Lin et al. 2003; Willett et al. 2003; Tensi et al. 2006) , heat flow (Lee & Cheng 1986 ) and deformation patterns observed in southern Taiwan, where the HR does not exist or has not yet be exhumed (Simoes & Avouac 2006; Simoes et al. 2007a) . To evaluate the changing densities of the mineralogical phases due to the changes of pressure and temperature conditions in the course of increasing plate convergence, a thermodynamical code (De Capitani 1994) is coupled to the thermomechanical model. This model implies that the crust of the CCM is essentially not subducted and is rather decoupled from the EP lithospheric mantle. Such a decoupling would result from the inherited rheology of the CCM (Mouthereau & Petit 2003; Mouthereau et al. 2013) and would account for the exhumation of the hot and ductile lower crust beneath the TC and BS. This model also implies temporal changes in kinematics with a thickening of the lower crust focused beneath the internal portions of the wedge, and recent propagation of the deformation towards the foothills over the last 1-2 Myr. Hereafter, this model will be referred to as model B (Fig. 2b) .
It should be noted here that not only do models A and B differ in their kinematics and the processes that account for the long-term growth of the wedge, but they also do differ in the thermodynamical grids used to compute wedge densities. The kinematic and density grids predicted by these 2 models correspond to two different transects across Taiwan (Fig. 1) . In particular, model A is located further north than the area where gravity surveys are conducted. This should not be critical to what concerns the TC because metamorphic and thermochronological data suggest that exhumation has either reached a steady state or has been synchronous along strike within the TC laterally from latitudes 23
• N to 24.5
• N (Simoes et al. 2012) . The major differences between the two transects considered by models A and B rely on the presence or not of the HR. As further discussed below, this does not impact our conclusions.
G R AV I T Y M O D E L L I N G
Modelling approach
The primary objective of the following computations is to compare the gravity signal produced over time by tectonic models A and B. These models have comparable kinematics at shallow depths since they both fit the same low-temperature thermochronological data (Simoes et al. 2012) . This suggests that the gravity signal produced in both models by this shallow kinematics should be comparable. The most significant difference between models A and B should therefore only rely in the gravity signal related to their deep crustal kinematics, either underplating or lower crustal flow (Fig. 2) . To quantify the gravity signal produced only by these different deep crustal kinematics, we therefore choose not to compute the signal related to shallow processes. Practically, we do this by artificially keeping topography flat at sea-level and by not computing any gravity signal related to the kinematics above sea-level. This implies that the gravity signals computed here do not correspond to any actual signal that could be measured at the surface, but to the only contribution of deep crustal mass processes to any observable signal.
The velocity and density fields predicted by models A and B are presented in cross-sections (Figs 3 and 4 for models A and B, respectively). These A and B cross-sections were provided at resolutions of 10 × 5 km and 2 × 4 km (horizontal × vertical), respectively, and are converted into 2-D regular grids at a 2 km resolution. The velocity and density fields are interpolated to this grid. The topography is not taken into account and the upper surface of the wedge is kept flat and at sea level. We first compute the vertical component (as if measured by a gravimetre) of the initial gravity field g i at the surface for both tectonic models using the GRANOM software (Hetényi et al. 2007) . The grids are then deformed according to the respective velocity fields. The displacement is computed for 1 yr and is distributed at the edges of the different cells so that they remain connected.
The resulting gravity field g f is then calculated and used to compute g f − g i for models A and B. This gives the rate of gravity change as a function of the horizontal distance along the section. As both models imply horizontal advection, g f − g i is computed at the same surface site but not at the same horizontal distance along the section. Indeed we model gravity changes as if they were measured by a gravimetre, that is at a site that moves with the ground. The velocity fields produced by both models A and B will also move the surface vertically. Vertical displacements have a significant effect on the gravity signal, mostly because the measurement position is moved away or closer to the Earth's centre of mass (HofmannWellenhof & Moritz 2006). As we focus on gravity changes induced only by deep crustal mass transfers, the effect on the computed gravity of these vertical displacements must be removed. Therefore, in our calculations, we do not take into account the contribution of this ground motion to the computed gravity signal, and topography remains artificially flat and at sea level. This is a key point in our study because one of our purposes is to verify whether or not the different deep kinematics implied by these two models can be distinguished from gravity data. Because our modelling only spans 1 yr, we have neglected mineralogical phase and associated density variations, that is, we consider a constant density grid. Indeed, phase equilibrium mainly occurs at Myr timescales (e.g. Sobolev & Babeyko 1989; Peacock 1991; Henry et al. 1997) . The results are presented in Figs 5(a) and (b) (plain blue line). For both models, we also computed separately the effects of vertical (dashed red line) and horizontal (dashed green line) components of the velocity field on the gravity signal.
Temporal gravity changes with model A
Model A implies an overall decrease of gravity (negative gravity change rate), down to a value of −6 × 10 −2 µGal yr −1 around the LV (Fig. 5a , plain blue line). This behaviour is due to the contrast of velocity and density between the orogenic wedge and the subducted lower CCM. If we first only consider the contribution of the horizontal advection of material to the gravity signal (Fig. 5a , dashed green line), the density boundary between the subducting CCM and the orogenic wedge moves eastward relative to the surface, where gravity is computed. West of the LV, the denser material of the lower CCM and mantle is thus closer to surface inducing a gravity increase (positive gravity change rate). East of the LV, as the densities reverse between the CCM and the lower PSP, gravity decreases. If we now only consider the contribution of the vertical component of the velocity field (Fig. 5a , dashed red line), gravity decreases mostly west of the LV, because denser material moves deeper. This decrease diminishes eastward, because of the reversal in the density values at the boundary between the PSP and the CCM. Model A also implies a very local increase of the gravity, with a rate of 2 × 10 −2 µGal yr −1 at most near the limit of the TC and the LV. This local increase of the gravity change rate is due to the rise of denser materials below the TC because only the vertical component of the velocity field contributes to this gravity change signal. On the other hand, below the HR, both the upward velocity and the density contrasts of the materials are too weak to significantly change the gravity. Fig. 2(a) . In the East, the denser material between 20 and 30 km depth is the lower crust of the PSP. Bottom: Kinematics of long-term displacements relative to the backstop (CoR and PSP). The black-dashed line indicates the Central Range fault along the Longitudinal Valley. The grey patches correspond to the regions where underplating is supposed to occur. For more legibility, the scales of the velocity arrows are different within the wedge (red) and within the downgoing crust (blue), the latter are horizontally three times shorter than the former. WF, Western Foothills; HR, Hsuehshan Range; BS, Backbone Slates; TC, Tananao Complex; LV, Longitudinal Valley; PSP, Philippines Sea Platered; CCM, Chinese Continental Margin.
These different results suggest that crustal subduction contributes the most to the predicted gravity change rate in model A. To further test this, we quantify the contribution of only underplating to the gravity signal in model A. This provides also an extreme estimation of the gravity change rate expected for such model of mountain-building in the case that crustal subduction is overestimated in model A, in particular if the underthrusted crust was much thinner than the one observed today within the passive margin. For that, we artificially remove the subduction movements and compute the gravity effect of mass transfers only above the underplating interface, within the orogenic wedge. The result is shown by the cyan line in Fig. 5(a) . We still observe the local increase of gravity in the TC located above the largest window of underplating (Fig. 3) . However, it is related to the shallow rise of material (at z 10 km) rather than the input of mass at the ∼25-30 km deep underplating window. Indeed, such deep rise of mass would create a wider gravity increase, not observed here. None of the underplating windows has a clear effect on gravity changes, because the density contrast at these interfaces is too low. Our results indicate that crustal subduction contributes the most to the gravity signal. The two estimates (with and without subduction) provide a lower and upper bound for the gravity changes expected for model A.
Temporal gravity changes with model B
Model B implies an increase of the gravity change rate over a ∼60 km wide region, from the BS to the LV. It reaches 7 × 10 −2 µGal yr −1 at most in the TC (Fig. 5b, plain blue line) . The decomposition of the gravity signal shows that it is mainly related to the horizontal component of the displacements. Indeed, the velocity field in model B implies that rocks at the surface move eastward faster than rocks at depth. Moreover, densities are greater at depth to the east, especially east of the LV. Therefore, the cells located at the surface get closer to this dense material during deformation, while the deeper cells stay at the same place. Because gravity is computed at the surface, its value increases. Vertical rock displacements contribute less to the gravity signal. Their effect is confined to the BS and TC, where an increase of 2 × 10 −2 µGal yr −1 is predicted, as a result of the rise of denser material below this region. Like model A, most of the density contrasts at depth beneath the BS and the TC are too low to generate a noticeable gravity signal at the surface. The deep crustal mass transfers implied by model B thus have a low influence on gravity changes rates.
D I S C U S S I O N : L O N G -T E R M A N D S H O RT -T E R M T E C T O N I C A N D S U R FA C E C O N T RO L O N G R AV I T Y C H A N G E S
It should be reminded here first that the gravity signals computed for models A and B and discussed hereafter are only meant to represent the contribution of their corresponding deep crustal mass transfers to any possible gravity signal measured at the surface, and not the actual total gravity signal.
Models A and B differ not only in their deep kinematics but also in the procedures used to compute densities. Because the amplitude of the gravity change rates computed here is small and of the same order of magnitude, we propose that these differences have little influence on our main conclusions. Comparing the results obtained from these two models may also not seem straightforward given the fact that these models aim at representing two different sections across the orogen (Fig. 1) . However, Simoes et al. (2007a) found that the temperatures computed within the wedge increased by ∼40
• C at most from their southern to northern transects, essentially below the western underplating window sustaining the exhumation of the HR. Such small variations in temperature are not expected to induce significant variations in the density field within the wedge in western Taiwan, given the probable pressure (<15 km depth) and temperature conditions below the HR and WF. This suggests that the density profile of model A is still appropriate to compute the potential contribution of underplating to the gravity change rate in southern Taiwan, where gravity surveys are being conducted.
In the case of model A, the signal has a long wavelength, dominated by the subduction of the lower CCM. The most significant rate of gravity change is obtained in the TC: −6 × 10 −2 µGal yr −1 . In the case that subduction is overestimated in the original model A, a value between −6 × 10 −2 (with subduction) and 2 × 10 −2 µGal yr −1
(subduction entirely neglected) seems more realistic. In the case of model B the gravity change rate is also maximum in the TC, with 7 × 10 −2 µGal yr −1 . These two models therefore imply gravity In the case of model A the location of the underplating windows is indicated by the grey patches. We also computed a fourth signal (cyan line) that represents only the effect of underplating on the gravity signal, that is mass transfers above the basal décollement and therefore within the orogenic wedge; the crustal subduction of the CCM is neglected in this case.
change rates of the same order of magnitude, however with varying wavelength and with opposite signs in the case of significant crustal subduction in model A. No particular signal is associated with the growth and exhumation of the HR (model A). Models A and B both propose rather deep geometries (∼30 km) for the Taiwan orogenic wedge. We did not test here the gravity change rates implied by shallow (∼15 km deep) wedge models proposed in the literature (Suppe 1984; Barr & Dahlen 1990; Fuller et al. 2006) . This is first because densities have not been computed in these models. In addition, the pressure (∼15 km) and temperature (∼350 • C) conditions at the rear of these shallow wedges are similar to those predicted at the base of the HR in model A, where our computations indicate no particular signal. By analogy we suggest that shallow wedge models might not produce any significant effect on gravity change rates. Taken all together, these models of mountain building in Taiwan will theoretically create distinguishable gravity signals related to their deep crustal kinematics (at least if we consider an important contribution of subduction in model A). However, the overall amplitude of the modelled gravity change rates is weak, at least 30 times lower than the present-day uncertainty of the best absolute gravimetres available (Niebauer et al. 1995; Van Camp et al. 2005) . This indicates that such signals cannot be presently detected, preventing from favouring one or the other of these longterm models. The low amplitudes of the computed signals result from the low density contrasts involved in mass transfers predicted in these models, as well as from the depth of these mass transfers (the direct gravitational attraction decreases with the square of the distance between the mass and the location where it is applied).
In comparison with our previous results of gravity change rates expected at a shorter (interseismic) timescale (Mouyen et al. 2009 ), the long-term mountain building effect is five times smaller. As a result, the gravity signal induced by short-term tectonic processes is expected to contaminate any possible contribution of long-term deep crustal mass transfers. Theoretically, the identification of such small rates (even those related to the interseismic loading of the faults) needs long time-series (several decades), to allow the gravity changes to accumulate and reach measurable values. However, even decades of measurements would still correspond to short geological timescales (yr to 100 yr), when compared to longer-term mountain-building processes (∼Myr). It should be emphasized here that any signal related to a long-term process can be expected to be measured at a short human timescale provided that the process producing this signal is linear over time (over timescales of 10s yr to Myr). However, this should not be the case, neither for model A, nor for model B. For model A, underplating related to ramp migration is a discontinuous process over time. In such a model, only interseismic loading and the subsequent coseismic and postseismic displacement fields are expected to occur (and therefore be measured) at short human timescales. The long-term displacement field of model A (Fig. 3) results from the sum of these discontinuous short-term deformation patterns over several seismic cycles, coupled to a discrete migration of the ramp at depth. For model B, the thickening at the base of the Taiwan wedge is also discontinuous in comparison with the timescale of the gravity measurements. The elasto-plastic-viscous rheology adopted in model B is intended to reproduce tectonic processes prevailing at both short-term and longterm timescales. The displacement field (Fig. 4) shows velocities averaged over the last 200 kyr and therefore represents an integration of discontinuous short-term deformational events occurring at the scale of the earthquake cycle. Then the signals computed here would not be measurable as such, even over several decades.
Gravity change rates related to processes occurring at the scale of the seismic cycle of active faults in Taiwan are more likely to be measured, in particular in the case of earthquakes that generate sudden large displacements. Indeed, gravity is very sensitive to vertical ground motions. Considering the theoretical complete Bouguer reduction (Hofmann-Wellenhof & Moritz 2006) , 1 cm of vertical ground uplift decreases gravity by ∼2 µGal. For instance, the 1999 M W 7.6 Chi-Chi earthquake might theoretically have produced a gravity decrease of 900 µGal at most in the northern part of the Chelungpu fault, as a consequence of the 4.5 m of coseismic surface uplift (Ma et al. 2001) . More recently, the 2010 M W 6.4 Jiashian earthquake might have decreased gravity by −5 µGal as a result of 2.5 cm of uplift near the epicentre (Hsu et al. 2011) . One part of this signal is due to the addition of masses below the measurement site, inducing the uplift. Only gravimetry is sensitive to these masses. In the Bouguer reduction, this effect is computed assuming a density of 2670 kg m −3 . The other part of the signal accounts for the movement of the measurement site away from the Earth's centre of mass (free-air effect). This movement can be observed and measured more precisely by repeated leveling or GPS. Knowing the coseismic gravity change allows to retrieve the density value, giving insights into coseismic mass redistributions (Barnes 1966; Tanaka et al. 2001) . This can also be applied to postseismic deformation provided its amplitude is large enough (Panet et al. 2007) . In any case these signals are significantly larger than any of the possible long-term signals computed here.
It should be reminded that we have neglected in our modelling any mass transfers above sea level. This suggests that our modelling only provides the gravity signal related to deep crustal mass transfers, but not to the response of topography to this tectonic forcing. If the Taiwan mountain belt can be considered at a topographic steady state over large temporal and spatial scales (Suppe 1981; Willett & Brandon 2002) , this may not be the case at the local and therefore short-term temporal scales (Stolar et al. 2007 ). The topography adjusts to the long-term tectonic forcing through discrete and discontinuous erosional events at shorter timescales, essentially related to earthquakes and typhoons (Dadson et al. 2004; Hovius et al. 2011) . Because these topographic adjustments occur at the surface and hence close to the measurement sites, they are expected to produce the largest gravity signal. This implies that if gravity is to be used to track deep tectonic processes, measurements should be considered over a time period longer than the response time of the landscape to tectonic forcing. Such response time may range from 0.25 to 2.5 Ma (Whipple 2001 ) and gravimetry is not suitable for this timescale. As a result, for long-term mountain building processes, gravimetry faces an issue related both to the weakness of the signal and to the comparatively short timescale of the measurements.
Because gravimetry is sensitive to any mass transfer, hydrology will also contribute to gravity changes, especially at seasonal timescales as suggested by Hwang et al. (2009) . This signal does not accumulate with time but reaches ∼10 µGal at annual frequencies. Van Camp et al. (2010) show that the hydrological signal will average out after a period of time that depends on its magnitude. They found that 3.5 to 17 yr are required to separate a tectonic trend of 1 × 10 −1 µGal yr −1 using continuous time-series measured by superconducting gravimetres. As we deal with a tectonic trend five times smaller and gravity time-series sampled at lower frequency (yearly), this separation time might significantly increase. In the case of Taiwan, the shallow redistribution of rocks by landslides and debris-flow deposits may also significantly contribute to gravity changes at short timescales, provided that these events occur nearby the site where gravity is measured. Taiwan mountainous areas have steep slopes that experience landslides during earthquakes (Dadson et al. 2004; Lin et al. 2004; Hovius et al. 2011 ) and typhoons (Dadson et al. 2003) . As an example, in August 2009 typhoon Morakot brought heavy rains that triggered more than 9000 landslides in Taiwan (Tsai et al. 2010) . The largest one redistributed 26 × 10 6 m 3 of rocks (Tsou et al. 2011) . Such volumes accounted for 60 ± 2 to 285 ± 3 µGal of gravity changes in some locations (Mouyen et al. 2013) and will eventually alter the identification of gravity change rates due to tectonics. On the other hand, gravity changes can be used to constrain the volumes of landslides and deposits and to investigate the evolution of the landscape at these timescales.
CONCLUSION
We have investigated whether long-term mountain building deep crustal processes could be detected by temporal gravimetry in Taiwan in the case that such processes have a short-term signature.
Rates of gravity change, produced by deep crustal mass transfers only, were computed for two different models of Taiwan with similar wedge geometries, but implying different processes at depth to sustain the growth of the orogenic wedge. In the case of the underplating model (Simoes et al. 2007a ), we computed a gravity change rate of −6 × 10 −2 to 2 × 10 −2 µGal yr −1 at most in the Tananao Complex, depending on whether crustal subduction is significant or not, respectively. The input of deeper mass by underplating itself, at the interface between the orogenic wedge and the upper crust of the CCM, has comparatively no effect. In the crustal scale accretion model of Yamato et al. (2009) , the large-scale folding of the CCM and viscous thickening generates a gravity increase of 7 × 10 −2 µGal yr −1 at most in the eastern part of Taiwan. By comparison with the predictions of model A in the Hsuehshan Range, which is less than 1 × 10 −2 µGal yr −1 , we propose that shallow wedge models do not produce any significant gravity change.
The extreme kinematics of mountain building in Taiwan originally suggested that this site could produce significant (and therefore observable) gravity changes over time. This is the reason why this site was used for testing the potential of gravimetry in investigating mountain building processes. However, the amplitude of the gravity changes computed from long-term kinematics of mountain building at depth remains very small in comparison with the uncertainty of gravimetres, especially because gravity contrasts within the orogenic wedge are low. Moreover, assuming gravimetres could provide more precise measurements, the difficulty to perfectly correct the times-series from extreme surface processes (hydrological variations, landslides) would still prevent from identifying any tectonic signal over a few years of measurements. Finally, it also appears that, due to their discontinuous occurrence in time, long-term signals may not exist as such over short time periods. We therefore conclude that temporal gravity is not suited for investigating deep crustal mass transfers sustaining long-term mountain-building processes. Fig. 1 was made with the Generic Mapping Tools (GMT, Wessel & Smith 1991) . The work benefited from valuable comments from editor Bert Vermeersen and three anonymous reviewers. Part of this study is funded by the Ministry of Interior of Taiwan, project number SYC1010118. This is IPGP contribution #3500.
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